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We all depend on the
earth's climate. The
climate, in turn, is
strongly influenced by the
atmosphere’s turbulent
exchanges with the
oceans, solid earth, and
biosphere. With GPS
technology, we can
measure this exchange at
significantly reduced
costs compared with
earlier airborne systems,
enabling us to bring many
more observations to bear

on the complex climate
puzzle.
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The earth’s climate has never been constant.
It is a subtle resultant of influences as diverse
as the sun’s convection patterns, continents’
positions, and atmosphere’s chemical com-
position. We humans have recently joined
this list of effects.

The extent of our influence is controver-
sial, because the quiet signal of climate alter-
ation is hard to discern amid daily, seasonal,
and wvearly changes. It is generally agreed,
however, that our large population and vigor-
ous industrial and agricultural activities have
detectable results,

To understand climate, as opposed to
weather, scientists look for slowly varying
controls. Although some controls are 1m-
posed from outside the earth, many important
ones occur in the oceans, solid earth,
and biosphere. Their influence is transmitted
to the atmosphere through air-surface
exchanges of heat, moisture, mementum, and
umportant trace constituents, including car-
bon dioxide. These interactions are difficult
to quantify, given the phenomena’s ephem-
eral nature and the considerable expense of
measuring them.

REecently, however, at the National
Oceanic and Atmospheric Administration/
Almospheric Turbulence and Diffusion Divi-
sion’s (NOAASATDD s) Air Surface Ex-
change Branch, we have been able to create
powerful GPS-based measurement tech-
nigues that can be used from a small aircraft.
The result is not only lower costs and more
cxperiments, but alse greater flexibility and
improved wind determinations.

EETWEEN HEAVEN AND EARTH
Scientists express their understanding of
complex systems, such as our earth’s climate,
through computer maodels that must consider
processes in the atmosphere, oceans, soil, and
biosphere. These regimes communicate by
passing three properties across their commeon
interface at the earth’s surface: momentum,
energy, and mass.

Momentum exchange with the surface is
the drag on the atmosphere that slows the
wind, generates ocean waves, and limits

storm lifetimes. Energy exchange 1s primar-
ily heat transler, by which the surface warms
or cools the atmosphere in which we live and,
in turn, generates the winds, Mass exchange
involves dusts and (race pases, among which
water vapor and carbon dioxide are particu-
larly important.

Though water vapor is the primary agent
of the well-publicized “greenhouse effect,”
carbon dioxide is the primary enhancer of
this outcome, through its anthropogenc
increase during the past 200 vears. Though
carbon dioxide 15 a decidedly minor atme-
spheric constituent (0.04 percent), this
increase has made understanding what scien-
tists call the carbon budger particularly
important in forecasting climates and ecosys-
tems as well as developing informed energy-
use policies.

Like any budget, the carth’s carbon budget
has income (sources), oulgo (sinky), and
stocks on hand (storage). However, the infor-
mation available to this budget's human
auditors has gaps. Though we know that
40-30 percent of the carbon dioxide released
by combustion and deforestation remains in
the atmosphere, and another 3040 percent
goes to oceans, soils, and plant biomass, we
don’t know where the remaining 20} percent
goes, We call this the missing carbon sink,

This uncertainty is currently inhibiting our
ahility to simulate the annual increment of
carhon dioxide in the atmosphere, which
degrades our ability to assess potential future
climates. The increment may vary from year
to year, latitude to latitude, season to season,
Major research programs designed o study
these unknowns contain elements that aim (o
develop a guantitative understanding of the
mass, momentum, and energy exchange
between the atmosphere and the surface (see
“Arr-Surlace Exchange and Its Measure-
menl” sidebar).

Effective airborne techniques to observe
air—surface exchange over large regions have
been available for more than 20 years. Unfor-
tunately, these have required large multi-
engine aircraft with expensive, heavy inertial
navigation systems, beyond the means of
most  organizations, including NOAA/
ATDD, Furthermore, their great cost limits
the number of hours they can afford to fly.

MEASURING THE WIND

Since 1989, NOAA/ATDD has been devel-
oping low-cost airborne techniques to mea-
sure air—surface exchange over diverse and
remote surfaces, such as oceans, tundra, for-
est, and swamps as well as to average values
over heterogeneous surfaces. Our challenge
has been to measure a gentle upward drift of
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air moving 5 centimeters per second from an
airplane flying a thonsand times that speed.
Most of the airflow around the airplane
clearly results from the craft’s motion itself,
not from the wind. To determine wind from
any moving vehicle equipped with wind sen-
sors, we must take into account he sensors’
motion. By subtracting the ground speed and
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Figure 1. Measured from an airplane,
wind is the difference batween two
nearly canceling vectors: the plane’s
track through the air minus the plane's
track over the ground.

the airspeed vectors (which nearly cancel),
we end up with a tiny resultant — the wind
measurement. Figure | illustrates wind mea-
surement in two dimensions. We must be
carclul, because small errors in calculating
either vector will develop into a large error in
the wind measurement, Even al a relatively
slow flight speed of 115 miles per hour (30
meters per second), a 1-degree error in mea-
suring pitch or heading canses a 1-meter-per-
second error in the wind calculation.

To further complicate matters, we musl
resolve atmospheric turbulence, composed of
wind gusts no larger than a few meters
across. This requires not only accuracy bul
also high frequency of aircraft position,
motion, and orientaton measuremeaents,

THE WINDS OF CHANGE

To conduct our experiments, we had a small,
revolutionary airplane, home-built from
plans introduced by Burt Rutan in the lale

Air=Surface Exchange and lis Measurement

Exchange at the earth's surface occurs by
several means: biological, chemical, and
physical. For example, vegetation ramovas
carbon dioxide from the air in photosynthasis.
This produceas a carbon dioxide deficit near the
laaves, relative to the rest of the atmosphere,
Turbulent air currents, called edaies, replace
this depleted air with air containing mors
carbon dioxide. Dowmward-maving eddies
imast likehy bring air that has been away fram
the ground and is refativaly rich in carbon
dioxide. Upward-moving eddies usually carry
air that has passed near the leaves and been
deplated, On avarage then, mare carbon
dioxide is coming down than going up. At
right, withaut phatasyrithasis, plants respire
and emit carbon dioxide at the ground, so the
procass is revarsed,

To measure this phenomenan, scientists
need a representative sampling of the turbulent
eddias to datarmine where air is rising and
sinking and how much carbon dioxide, ar ather
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canstituent, is presant. The eddies may be anly
a few meters in size, Tharefore, airbome
sampling requires absening wind velocity and
scalar quantities (temperature, hurmidity,
carbon dioxida concentration) as often as 50
times per 2econd. The exchange i the sum of
products of vertical wind comgponent with
constituent concentration. For exampts, if
sinking parcals tend to have a greater concen-
tration of carbon dioxide than rising parcels,
then the negative sign will prevail in the sum,
indicating a downward flux of carbon diaxide,

Scientists can make such measurameants
from metecrolegical towers refatively easily,
bacause the wind sensors are immobils,
Eddies are carried past at tha wind’s speed,
and researchers can thus sampls them at a
leisuraly rate (10 timas per sacond). From an
airplane, this process is complicated becausa
the sensors are moving and rasearcheds are
encountering eddies at a speed 10 imes faster
than from a tower.
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1970s. The design of the plane, the Long-EZ,
15 safe and reliable and boasts many impres-
sive choracteristics. (Rutan would go on to
design the Voyager, the first airplane Lo fly
around the world without refueling. )

The Long-EZ is lightweight vet strong, It
has a fiber-composite airframe that weighs
only 930 pounds, and it is powered by only a
16t-horsepower engine and can take off with
a maximum gross weight of 1,800 pounds,
The craft's aerodynamic efficiency allows it
te travel as long as 10 hours at speeds of 200
miles per hour. With a maximum nonstop
flight distance of 2,000 miles, the plane can
reach research locations anywhere in the
world. Typical cruising altitudes range from
E,000 to 18,000 feet. Equipped for instru-
ment flight, the airplane can operate in a vari-
ely of weather conditions. A ballistic para-
chute enhances safety even at very low alti-
tude, The airplane is inexpensive @ operate
and can be flown by a pilot-qualified scien-
tist. Service reguirements are minimal,
enabling operation Irom small airports near
the experiment sites.

We required a system to operate with the
Long-EZ that would enable us to measure
both the airplane and the wind velocities at
least 30 times per second, accurate within
about 0.2 meter per second. Although
accelerometers can readily measure the air-
plane’s motion accurately at this frequency,
one must integrate acceleration to determing
position and velocity. This accumulates
error, reguiring a low-frequency reference
that does not drift from the true value,

Leading with Loran, Initially, we used atme-
spheric pressure for the vertical relerence,
and Loran for the horizontal. Mechanical
gyros determined the airplane’s roll, pitch,
and turn rate, We integrated the turn rate
using a magnetic compass (magnelometer) as
a low-frequency reference, Our success with
flux measurcment for heat and moisture was
sufticiently encouraging lor us 1o continue
development. The Loran and magnelometer,
however, were accurate only over many sec-
onds’ average, and the old, heavy, power-
hungry gyros stretched our small aircraft’s
capabilities.

Experimenting with GPS. About 1991, we began
experimenting with GPS, using a single-
channel GPS receiver backed up with Loran.
With selective availability (SA) minimized
for the Gulf War, the GPS position accuracy
was readily within what we could inde-
pendently determine (=25 meters), when
enough satellites from the still-incomplete
constellation were visihle.

By 1992, with SA restored, we were using
differential corrections, with five-channel



receivers. When we could force the airborne
and ground receivers (located in our hotel
oo, with the antennas outside) to track the
same satellites, we obtained position accura-
cies within 10 meters.

Because high-accuracy, high-frequency
GPS atbitude measurement systems were not
yet commercially available, we had to retain
the magnetometer and gyros. Our measure-
ments of heat and moisture fluxes casily
showed the strong contrast between irrigated
and native steppe land, during a study in east- |
ern Oregon, and compared well with fluxes
measured on stationary towers. Winds, how-
ever, were only marginally acceptable, and
we were planning work in the Arctic, where
our magnetometer would have difficulty
finding magnetic north.

Breaking Through. We achieved a major break-
through in 19493 when we purchased a six-
channel, L1, C/A-code unit. This real-time,
carrier-phase differentially corrected system
with four antennas provided our first reliable,
low-Trequency reference for the airplane’s
attitude, particularly heading, The wind accu-
racics became acceptable for the first time,
though sall having about a (0.5-meter-per-
second error.

O'ER PINES AND PERMAFROST

With our improved capabilitics, we partici-
pated in measurement campaigns above the
boreal forest around Candle Lake north of
Prince Albert, Saskatchewan, Canada, and
over Arctic tundra inland from Prudhoe Bay,
Alaska, during the mid-1990s. We believe
that remote regions, such as these, may hold
one key to unlocking the mystery of the miss-
ing carbon sink. Given these harsh research
environments, scientists are only beginning
to extensively measure the air-surface
exchange of water vapor and carbon dioxide
using improved techniques, such as GPS.

Boreal forests occupy about 11 percent of
the earth’s land area, and the tundra occupics
about & percent. The tundra alone stores 12
percent of the world's total soil carbon,
These ecosystems are considered candidate
storage sites lor the missing 20 percent of
alobal carbon emissions,

Furthermore, these regions are vulnerable
to climate change. IF the climate warms and
dries from the introduction of greenhouse
gases as predicted, the greatest warming will
be over these northern continental ecosys-
tems. Increased microbial and fungal respira-
tien and decay of large carbon stores may
provide a net source of carbon dioxide to the
atmosphere.

GPS Capabilities. By this time, in 1994, we
had two GPS receivers in the airplane, the
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six-channel unit for attitude, and a 10-chan-
nel L1, C/A-code unit for position and veloe-
ity. We were recording pseudoranges and
Doppler shifts for differential correction by
postprocessing with a 10-channel, L1, C/A-
code ground unit. The equipment reported all
GPS data, including attitude, approximately
once per 1.3 seconds, We flew intercompar-
isons with towers and other aircraft during
this experiment and found that our flux and
wind measurements were quite comparable.
We did have some extra variance in our ver-
tical motion but reduced it, in subsequent

experiments, with improved receivers report-
ing more frequently,

Forest Flights. The forest study, funded by
the National Aeronautics and Space Admin-
istration, is called the Boreal Ecosystem-
Atmosphere Study (BOREAS), and it sought
to unearth the role of the boreal forest in
the carbon and water budgets. The project
involved more than 300 scientists from
several nations, primarily the United States
and Canada. Disciplines included ecology,
botany, hydrology, meteorology, and map-
ping and remote-sensing sciences.
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Figure 2. The Long-EZ is equipped with a slew of sensors for its climate studies.

Aboard the Long-EZ

The Long-EZ's unique shapa results from
carefid aerodynamic optimization and is
particulary wall suited for atmospheric turbu-
lence measurements. The farward lifting surface
{called a canard) is designed to prevent stalls
and spins. The winglets, smoath outer skin,
farinar-flaw wings, and pusher angine all
contribute to the aiframe's low averall drag.

A wind probe extending forward fram the
nose measuras the relative airlow ahead of
mast of the flow disturbance. Figura 2 shows
some of the many other sensors camied, along
with the focation of the GPS antennas.

Thesa sensoes ncluds an infrared gas
anakyzer, measuring water vapor and carbon
dioxide contant of tha air as many as &0 times
par second. It passes a beam of infrared light
through tha airstream. Water vapor and carbon
dicxide each absorb this light at different
wavelengths. The amount of light absorbed is
proportional to the number of molecules of
#ach gas present in the air.

A net radimeter datermines the amount
{possibly negative) by which inbound heat and
light, from abave, exceed outbaund. The
Photosynthetizally Active Radiometers (PARS)
detect anly visible light.

Various onboard air-pressura devices
rneasure prassurs differences on the gust
probe. Airflow striking a sphere produces a
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knawn distribution of pressure over the sphere.
By maasuring the pressure at nine points on the
sphere, NOAAATDD can determing the speed
and direction of the oncoming air.

The craft alsc camies a commersial infrared
gas analyzer (IRGA) to provide a low-frequency
reference for our fast IRGA, Also far low-
frequency reference, the aircraft contains an
instrument that detacts the dewpaint tempera-
tura, relatad to the amaunt of water vapar
present in tha air. Tha plans also includes &
laser aitimater, a sensor of surfaca temparaturea,
and & four-channel radiometer that can be set
to rmatch readings from several types of
saftellites. These remote-sensing instruments
allew us to characterze the surfacs bansath the
airplana for ralation to the measured fluxes.

During & research flight, a singla parsan
operates the Lang-EZX, with the rear seat
occupied by a computer and instruments. The
data system is highly automated, freeing the
pilot to concantrate an flving the plane. Flights
at 10 meters above ground for as lang as six
hours are typlcal. Bacause of the aimplane's
stability, this type of low-altitude flight Is easy,
provided the craft encounters no obstructions.
Typical flight paths are strafght lines as long as
100 kilometars. The pilat may fhy this path back
ard forth as many as efght times in one day,

Participants measured air—surface ex-
change from four airplanes and several
stationary towers. The ecologists and plant
physiologists analyzed the photosynthesis,
respiration, and various activities of the
trees and other vegetation to help understand
how these plant communities exchange
carbon and water with the atmosphere. The
towers detected exchange over homogene-
ous areas of the forest, while the aircraft
covered more extensive regions, observing
how the exchange varied with the change
in surface terrain. The groves covered lakes
and extensive areas of aspen, pine, spruce,
and disturbance (burned or harvested).

Cur involvement spanned the summer of
1994, from May to Seplember, and about
ning NOAASATDD scientists participated.
Tim Crawford and Ed Dumas flew the Long-
EZ on several predefined lines, one being
100-kilometers long, starting over an unchar-
actenstically large region of aspen, ending
over spruce/pine, and crossing three signifi-
cant lakes. The flight was at treetop level.
Other flight patterns consisted of a set of
short legs (10 kilemeters) from multiple
directions, crossing in the center at an instru-
ment tower. The flights were at tower height
and downwind to keep the airplane’s exhaust
away from the tower’s carbon dioxide
detector. An array of airborne sensors mea-
sured air turbulence (see Figure 2 and
“Aboard the Long-EZ" sidebar),

Tundra Takeoffs. Operations over the north
slope of Alaska, in collaboration with San
Diego State University in California, began
in 1993 and continued cach summer until
1996, They also involved several stationary
towers and physiological studies of area veg-
etation and microbial life. The plants and
microbes are active only in the summer
months, when the top 30 centimeters of soil,
the “active layer” above the permafrost, is
melted.

The Long-EZ had the only airborne flux
operation during this project. Its small size
and simple requirements were important
assets at the small airport from which the
researchers operated, The primary flight line
stretched from the Arctic Ocean coast to the
Brooks Range, about 180 kilometers, ori-
ented north—south. At the low flight altitude
in this remote location, normal radionaviga-
tion is ineffective, At the high latitudes, a
magnetic compass must contend with rapidly
changing declination angles and weak attrac-
tion to magnetic north, The featureless tundra
offers few landmarks. For navigation alone,
GPS was vital to our operation, keeping our
flights consistently over the same straight
ground track.



AIR-SURFACE ASSESSMENTS

Our excursions to remote, as well as nearby,
ecosvstemns have helped us better understand
what amounts of air—surface exchange are
occurring from different regions of the globe.

BOREAS Results. Digures 3 and 4 1llustrate
air-surface exchange observed at mid-
day along the 100-kilometer (ransect in
Saskatchewan on July 21, 1994, By and
large, the sun heats the ground and the
ground heats the air. In Figure 3, the red line
shows the solar radiation portion (hat beats
the surface (net radiation). Some of this
energy directly heats the atmosphere (sensi-
ble heat, blue), some evaporates water into
the air (latent heat, green), and the rest is
stored in the soil and vegetation (not plotied).

Much can be learned from such energy-
exchange plots, The partition between sensi-
ble and latent heat is an important climate
control, influencing how warm and moist the
air will be over a region. Most striking is the
large variability in exchange, much of which
can be explained by the local swface. Lakes,
in particular, appear as obvious minima,
where sensible heat goes to zero or negative,
while latent heat remains upward. Interest-
ingly, the net radiation is highest over the
lakes, even though they transter hittle encrgy
to the air, This reflects the tremendous heat
capacity of waler.

Different tree species produce clear varia-
tions as well. The aspen in the west add much
more moisture than heat to the atmosphere,
while the pines on the east provide more heat
and less moisture. This was surprising,
because much of the coniferous forest is in
standing water. Generally, we found the
boreal forest to put far more heat and less
moisture into the atmosphere than we had
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Figure 3. The solar energy input (red)
goes to heating the air (blue) and to
evaporating water (green). The remain-
der goes mostly into heating the ground
{not shown). The partition of solar
energy into heating and evaporation of
water varigs strongly and is an impartant
cantrol of climate.

assumed. This influences northern climate by
generating deeper, drier, and more cloud-free
atmospheric boundary layers.

Figure 4 shows the variation of carbon
dioxide exchange along the boreal forest tran-
sect, During midday, photosynthesis absorbs
much of the carbon dioxide. The lakes, with
near-xero carbon exchange, show as maxima.
The strongest carbon uptake is by the decidu-
ous trees, corresponding to their stronger
evaporalion of water, In general, the ongoing
analysis is showing that the boreal forest is an
important carbon sink but not necessarily
enough o balance the carbon budget. The net
carbon exchange is a small difference
between photosynthesis and respiration,
hence, vulnerable to small climate changes,

Figure 4. The exchange of carbon
dioxide between the atmospheare and
the earth varies strongly from place to
place, depending on what is happening
at the surface.

Alaskan Evaluations. The spatial structure of
carbon dioxide exchange over Alaska’s tun-
dra is quite uniform, as expected from the
generally homogencous nature of the surface.
The numerous lakes and other open water
have been shown to provide slightly more
carbon dioxide and methane to the atmos-
phere than the rest of the surface.

More interesting is the positive feedback
with temperature. The Arctic tundra stores
about 30 percent as much carbon as the entire
terrestrial biomass {including tropical rain
forests), most of it within permafrost. Wilh
warmer temperatures, the warm-season
active layer above the permaltost is deeper
and warmer, permitling more extensive
anaerobic decay and release of carbon to the
atmosphere. Photosynthesis ahsorbs some of
this in the Arctic but is limited because of
lack ol available nitrogen.

Extending GPS Observations

Turbulent atmaospheric mations range fram kilometers to centimetars.
Because eddies as small as a few meters across can still ba significant,
NOAASATDD samples 50 times per sacond, for an interval of about 1
meter. The GPS recoivers report 10 times per second and are essentially
noise-free Lp to frequencies of 1 Hz. This is remarkable, but not guite
sufficient, The researchers extend the frequency range by sampling the
measurernent platiorm's acceleration in three dimensions, recovering the
vedocity, crientation, and position as time integrals.

Althaugh GPS reporis conveniently in earth cocrdinates, accelerome-
ters do not. They operate in the platiorm’s coordinate systern — and in Its
reference frame, accelerated refative to earth. The salution is to convedt
each measured acceleration vector ta earth coordinates before adding its
contribution to the running tallies of velocity and position. This is a
mathematical analog to the gyro-stabilized platform system in which &
platform is held at constant arientation with respest to aarth, ragardiass of
the oriantation of whatever is carryving it. Far exampla, a video camera can
be kept upright and free of liagle even though it is ona ship in a storm.
Tha process's staring point is to detarmina the platform’s orientation, &

times per secand,

Chaarly, this too requires accelerometers. Again, tha GPS unit reports
the aimplane's attitude in differant coordinates than those in which the
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accelerometers measure, though in this case the difference is negligibly
small and lgnored In practice. Researchers mount accelerometer pairs
abaut four-meters apart and divide the difference of thelr measurements
by the distance between them to yield an angular aceeleration. Twice
integrated, this provides an attitude angle. Vartical accelerameaters, fore
and aft, give pitch and, en each wing, yiald roll. Lateral accalarameters,
alen fora and aft, provide heading, These accaleration-derived attituce

angles are good far about three seconds’ integration bafore efror accumu-

lates, With average GFS attitude measurements available each second,
the entire range of aircraft’s rotational motion can be covered. Figures 5
and B show the quality of the match Between integrated acceleromaters
and GP3-derved pitch angle.

Wiith the attitude determined, scientists can convert the measured
platform acceleration to earth coardinates for integration, as reguired.
Again, the errar growth from the integration is negligible because of the
short integration times mads passibla by the high frequency of accurate
GPS measurements. Mote that the airflow relative to the platform is also
measured in platform coordinates. Resaarchers must alsa ratate this 50

times per second to earth coordinates so that they can remave the

measurement.

platform's motion with respect to earth and determine the turbulent wind
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Figure 5. Spectral analysis of the data
shows that the GPS-determined pitch
angle of the airplane has no long-period
drift and is accurately measured as
frequently as 1 Hz. Integrated
accelerometers, though useless for
lenger than about three seconds, can
readily cover frequencies as high as,
and beyond, 25 Hz. The mix uses the
best of both systems.

With still more warming, the upper layers
of the ground may dry out, permitting oxygen
to reach these layers, supporting efficient aer-
obic decay, which releases carbon dioxide
more efhiciently. The newly released carbon
dioxide then contributes to further warming.
Yet sufficient warming and drying may
encourage srowth of vegelation, increasing
photasynthesis, As with all other aspects of
climate, this is not a simple system.

EXPANDING CAPABILITIES

Recently, we implemented another upgrade
that will help us interpret the mysterious lan-
guage of climate. Since 1996, we have been
using 12-channel receivers for both ground
station and airplane. Counting antennas and
cable, our two airborne GPS receivers weigh
4 lotal of five pounds and draw 10 watts.
They operate on L1 with C/A-code, reporting
pseudoranges and Doppler shifts 10 times per
second. Our corrected GPS positions are
accurate within about 3 meters (standard
deviation). Velocities are accurate within 2
centimeters per second, horizontal, and 2
centimelers per second, vertical, We obtain
aircratt attitude (pitch, roll, and heading) to
(.05 degree of arc.

We extend these high-accuracy GPS mea-
surements with inertial observations Lo yield
the airplane’s position, motion, and orienta-
tion as often as 50 times per second, as
required for turbulence studies (sec “Extend-
ing GPS Observations™ sidebar on page 38).

With this new system, we have been able
to jettison the gyros and magnetometer.
Although we now have a limit on how tight
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Figure 6 Even without accelerometers,
GPS measures pitch angle remarkably
accurately and freguently, To match with
accelarometers, GFS is smoothed
{blue), and the high-frequency signal
from the accelerometers (red) is added.
The result closely follows the GPS
alone, but with higher time resaclution
and less digital noise. The close match,
even at high frequencies, of the signals
from these two fully independent mea-
surement systems shows the great
accuracy of GPS,

our turns may he without losing satellites (30
degrees of bank), we have a practical method
fully capable of determining winds. It is par-
Licularly tmportant that the equipment iz
portable on a small airplane, such as the
Long-EZ.

AN OPEN HORIZON
GPS now allows research never before possi-
ble. Any operation requiring observations
from a moving platform is enormously sim-
plified by highly accurate measurements of
the platform’s position, velocity, and orenta-
tion. Air—surface exchange is just one appli-
cation of airborne wind measurement.
Scientists studving pollutanl transport
near shorelines and in complex terrain will
benefit from measuring turbulence and wind
structures. Researchers investigating slorms
and other weather patterns can also avail
themselves of airborne measurements of
wind, temperature, and other paramelers,
Bevond wind measurement, mireraft-based
remote sensing is another possible applica-
tion, In this kind of work, registration {that is,
relating a data point to its precise spatial loca-
tion} is important, Often, researchers register
images by laborious coordination with identi-
fiahle targets, situated at known ground loca-
tions. Given precise knowledge of the
aircraft’s position and attitude, however, sci-
entists can directly compule the dala point’s
spatial location from its location in the
image,

METEOROLOGY

This year, we are remotely measuring
ocean waves in a shoaling zone, using three
precision laser altimeters sampling 30 times
per second. The measurements will help us
better understand the growth, movement, and
decay of ocean waves in a setting where
wave structure is particularly complicated.

Though we developed our technigue for
aircrall use, its apphications clearly extend far
beyond. The versatility, affordability, and
portabilicy of GPS has enabled us to create a
high-frequency, high-precision method that
15 gencral enough 1o be apphed e the kine-
matics of virtually any vehicle capable of
carrving GPS receivers. A host of new appli-
cations awails.

ACKNOWLEDGMENTS

Special recognition 15 due to David Auble,
Eobert MeMillen, and Edward Dumas from
NOAASATDD, David designed, built, and
tested the required electronic circuits; Bob
worked out computer problems associated
with (GP5 hardware and the differential cor-
rections; and Ed kept the hardware and soft-
ware working together through many system
configurations as well as flying about half the
missions, Thanks also to Jeff Tonnemacher
and John DeLucet of Trimble Navigation,
who answered many of our perplexing
questions. H

For mare informalion, readers mday confact
the aurhors ar <crawford@ardd. noaa. gov>
or <dolosv@aidd noaa.gove or visii
NOAAATD s home page af <www.aidd,
FERTAR, BV e,

MANUFACTURERS R
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much of the data reduction software. The
airharne svatem requires three GPS units; one
Trimble Navigation [Sunnvvale, Californial
Tans Vector, which supplies the 10-Hz high-
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